Background: When monitoring patients with metastatic breast cancer (mBC), the optimal strategies for imaging and utilization of tumor markers (TM) are uncertain. Patients and Methods: We used a retrospective cohort of 302 patients with de novo mBC treated from 2000 to 2012 at Dana-Farber Cancer Institute to describe the type and timing of imaging and TM testing during the first line of treatment (baseline, first, and subsequent testing). Results: At baseline, all patients had staging scans, with increasing use of PET/PET-CT (17.5% from 2000-2002; 40.3% from 2009-2012 =0.11; P<.001). Discussion: Over time, we found an increased utilization of more sophisticated imaging staging techniques, such as PET/PET-CT scan, which was mostly requested in addition to other radiographic studies. CNS evaluations were frequently performed to screen asymptomatic patients. TM testing was often ordered, both at baseline and after treatment initiation. However, patterns of imaging utilization, although appropriately influenced by clinicopathologic factors such as disease site, did not appear to be impacted by TM testing. Conclusions: Studies focused on optimizing disease monitoring, including better integration of TM testing with imaging, are encouraged.
Patterns of Utilization of Imaging Studies and Serum
In clinical trials, imaging studies are ordered for workup and periodic disease reevaluations after prespecified schedules. Outside of trials, guidelines unanimously acknowledge that the frequency of scans should be tailored to the individual patient, accounting for factors including disease biology, symptoms variation, and anticipated response to treatment. 5 Nevertheless, the suggested interval between follow-up imaging studies has a wide range, and the optimal monitoring frequency has not been yet prospectively assessed. [5] [6] [7] Serum tumor markers (TM), such as carcinoembryonic antigen (CEA) and the MUC-1 cancer antigens (CA) 15-3 and CA 27.29, are frequently part of mBC monitoring. 8 Informal consensus among ASCO guidelines panel members discourages the use of these markers as a stand-alone tool to guide mBC treatment decision-making, but supports TM use as an adjunctive assessment for clinical decisions. 9, 10 Indeed, declaring disease progression and changing treatment based on isolated increases in TM values has not been proven to affect breast cancer outcomes. 9, 11 Today, limited recommendations inform TM utilization, leaving use and frequency of testing to the treating physician's discretion, 5, 9 and the best way to integrate TM with imaging remains uncertain. Moreover, previous studies showed a high rate of TM testing on patients with advanced solid tumors, including mBC, questioning their true utility and suggesting a substantial impact on the financial burden of cancer care. 12, 13 We sought to describe the patterns of imaging and TM utilization, and the integration of both among patients with mBC treated at Dana-Farber Cancer Institute (DFCI).
Patients and Methods

Data Source
We reviewed the electronic medical records (EMRs) of 456 consecutive outpatients diagnosed with de novo mBC and treated at DFCI from January 1, 2000, through December 31, 2012. The end date was chosen to ensure at least 2 years of follow-up.
This study was approved and performed according to the guidelines of the DFCI Institutional Review Board.
Patient Selection
Women with newly diagnosed stage IV breast cancer in the DFCI patient database were included. We defined stage using the AJCC Cancer Staging Manual 14 available at the time of diagnosis. We excluded EMRs with missing or incomplete data (n=15), patients with follow-up studies and/or treatment not directly scheduled by DFCI providers (n=70), patients with a second active concurrent malignancy (n=11), and patients who participated on clinical trials or screened for trial eligibility (n=58).
Outcomes of Interest
Baseline Staging: Baseline staging included imaging and TM tests ordered/performed before or on day 1 of first-line treatment. Specifically, we examined (1) imaging modality used (chest/abdomen/pelvis CT, bone scan, 18 
Subsequent Reevaluations of Disease:
We calculated the frequency of imaging scans (ratio of treatment duration to number of scans, regardless of the type of imaging modality requested) and TM tests (ratio of treatment duration to number of tests).
We excluded imaging studies performed for purposes other than restaging (eg, to evaluate for other concomitant, nonmalignant conditions). We followed patients throughout the duration of firstline treatment for mBC (baseline to day 1 of second-line treatment or death date) for a maximum of 24 months, after which patients were censored. Treatment modifications not resulting from disease progression/unacceptable toxicity (eg, maintenance regimens) were not considered as treatment change.
Covariates
Covariates abstracted via chart review were categorized as per Table 1 . Tumor subtypes were classified as hormone receptor (HR)+ (estrogen receptor [ER]+ and/or progesterone receptor [PR]+)/HER2-; HR+ (ER+ and/or PR+)/HER2+; HR-(ER-and PR-)/ HER2+; and HR-(ER-and PR-)/HER2-. Patients with >1 disease site were assigned to the category of the first site listed, according to a prespecified ranking system defined by importance.
Central nervous system (CNS)-related signs or symptoms were defined as "present" or "absent" based on whether the evaluating physician noted signs or symptoms suspicious for CNS involvement at the first physical examination, and reported the symptom in the notes.
Statistical Analysis
We used descriptive statistics to characterize baseline mBC evaluation (type of imaging, CNS evaluation, type of TM) and time trends. Time-to-first reimaging and time-to-first TM test were evaluated based on baseline characteristics using the log-rank test. Multivariable Cox proportional hazard regression models were fit, adjusting for all our covariates and for baseline TM testing (not performed vs performed-TM elevated vs performed-TM normal).
We descriptively summarized the frequency of reimaging and TM retesting over the course of treatment. Pearson correlation tests were used to determine the relationship between the frequency of imaging and TM tests. All presented P values are 2-sided; P<.05 was considered statistically significant. All analyses were performed using R version 3.2.2 (RStudio, Boston, MA).
Results
Study Cohort
We included 302 patients treated at DFCI during 2000 through 2012 by 38 providers, who scheduled the workup and follow-up examinations. Median age at diagnosis was 54 years (range, 23-92 years). Of these patients, 67.2% had HR+/HER2-, 10.6% had HR+/HER2+, 9.9% had HR-/HER2-, and 12.3% had HR-/HER2+ breast cancer. Most patients (55.7%) had nonvisceral disease, 40.7% had visceral metastases (liver and/or lung), and 3.6% had CNS disease at initial diagnosis. Systemic signs/symptoms/ laboratory alterations were present in 50.0% of patients and neurologic signs/symptoms were present in 6.9%. First-line treatment included chemotherapy (±HER2-directed) for 42.7% of patients, and endocrine therapy (±HER2-directed) for 57.3% (73.6% of those with HR+ disease) ( Includes mixed ductal/lobular, carcinoma not otherwise specified, and unknown.
f ± any other site in the list; when patients had >1 metastatic site, they were only assigned to the category of the site first listed, using a prespecified ranking system. regimen, 6.0% had died, and 13.9% were censored (first-line treatment still ongoing).
Baseline Staging
All patients underwent baseline imaging, most (51.3%) with ≥3 different techniques. The most requested combination was CT plus bone scan (± any other modality, except PET/PET-CT; 51.7% of patients Figure 1A) ; no time trend was found for baseline CNS scans or TM orders ( Figure 1B,C) .
First Reevaluation of Disease
After baseline, 93.7% of patients had ≥1 reimaging study, which was either prescheduled (83.0%) or prompted by variation in symptoms (15.6%) or by an alteration in TM values (1.4%). Overall, median time from baseline to first reimaging was 3.0 months (Q 1-Q 3 , 2.1-4.3; range, 0.4-19.1 months).
Nineteen patients were never reimaged during first line of treatment: 16 had short first-line treatment, ranging from 2 to 5 months (9 patients died, 7 experienced disease progression on clinical examination or experienced early toxicities), and 3 patients were censored after 24 months (all with indolent disease, treated with endocrine therapy, and followed with clinical examinations).
Time-to-first reimaging was associated with disease site (adjusted hazard ratios of shorter time to reimaging versus bone: brain, 4 Table 2 .
We found no correlation between time-to-first reimaging and TM test (r=0.08; R 2 <.01; P=.187).
Subsequent Reevaluations of Disease
Overall, median time between reimaging studies was 3.6 months (Q 1 -Q 3 , 2.5-5.3; range, 0.8-24.0 months). For 47.7% of patients, the frequency of reimaging was 2 to 4 months; 11.7% of patients had ≥1 reimaging every 2 months (Figure 2A) . Overall, median time between TM tests was 1.4 months (Q 1 -Q 3 , 1.0-2.4; range, 0.4-12.0 months). For 45.8% of patients the frequency of retesting was 1 to 2 months; 23.5% of patients had ≥1 test per month ( Figure 2B ).
We found a weak, positive correlation between frequency of imaging and TM testing (r=0.33; R 2 =0.11; P<.001).
Discussion
In this cohort of patients with de novo mBC treated at DFCI, outside of a clinical trial, more sophisticated staging techniques such as PET/PET-CT were increasingly used since 2000, with almost half of patients being evaluated by baseline PET/PET-CT in the most recent years. Additionally, we found that 30.1% of patients (of whom 80.2% had no neurologic symptoms) also had baseline CNS screening. The timing of reevaluations was consistent among providers and concordant with current guidelines 5 : most patients underwent reimaging and TM retesting every 2 to 4 months and every 1 to 2 months, respectively. However, nearly one-quarter (23.5%) of patients underwent ≥1 TM test per month. Although appropriately impacted by clinicopathologic factors, including disease site, imaging utilization appears not to be substantially influenced by TM testing.
The surveillance of patients with mBC has evolved over the past decade. Although different imaging and TM options now exist, no consensus exists on the best monitoring strategy. Data provided by this study highlight some of the areas of controversy that may deserve practice improvement and research interventions.
First, findings suggest that PET/PET-CT was gradually incorporated into practice during baseline evaluation of mBC, in most cases in association with other scans. This practice agrees with current guidelines, endorsing CT and bone scan as the backbone of mBC workup and considering PET/PET-CT as "optional," 5, 6 and with the recommendation of CMS, which routinely reimburses PET/PET-CT when standard diagnostic workup yields unclear results. 15, 16 This is based on several studies that showed that PET/PET-CT added important functional and metabolic information to traditional anatomic imaging, resulting in modifications in initial N and M statuses in 18% to 37% of patients and in treatment modification in 8% to 18% of patients, respectively. [17] [18] [19] [20] [21] [22] Nevertheless, because use of PET/PET-CT substantially increases costs, it is important to better understand which patients would really benefit from a PET/PET-CT scan and whether its upfront use as the only staging technique may represent a cost-effective alternative. Based on 2016 CMS data, 23 the payment rate is $1,285.17 for a whole-body PET/ PET-CT imaging, which in addition to $1,375.81 of a torso-CT with contrast and bone scan leads to a total of approximately $2,661 per patient.
Second, although CNS screening is not routinely recommended, given the absence of data demonstrating a benefit from early detection and treatment of asymptomatic CNS lesions, 2,24-28 baseline CNS evaluations occurred frequently in the absence of neurologic symptoms (eg, among our patients with HR-/HER2-disease, 43.3% had baseline CNS screening). The overall incidence of detection of occult CNS metastases was low, particularly in patients with HR+/HER2-tumors. Even among patients with HR-/HER2-tumors, brain metastases were only identified in 2 of 13 screened asymptomatic patients. Furthermore, when CNS lesions were detected in asymptomatic patients, 5 of 6 patients had ≥5 lesions, whose early detection, before the onset Includes mixed ductal/lobular, carcinoma not otherwise specified, and unknown. h Includes skin, pleural effusion, pericardial effusion, peritoneum, ovaries/other pelvic sites, adrenal glands, and visceral sites other than lung and liver. i Includes lymph nodes other than ipsilateral axillary (level I-II), infraclavicular, supraclavicular, and internal mammary. j ncludes bone pain, weight loss, fatigue, and presence of alterations in routine labs (eg, CBC, serum biochemical profile with renal and liver functionality). k Includes motor impairment, seizures, headaches, nausea/vomiting, and cognitive dysfunctions, assessed by neurological examination.
l When multiple TM were tested, TM were considered elevated if ≥1 type was elevated.
Results in bold are statistically significant with a P value<.05. Abbreviations: CNS, central nervous system; HR, hormone receptor; TM, tumor marker. a Log-rank test P values. Includes lymph nodes other than ipsilateral axillary (level I-II), infraclavicular, supraclavicular, and internal mammary. j ncludes bone pain, weight loss, fatigue, and presence of alterations in routine labs (eg, CBC, serum biochemical profile with renal and liver functionality). k Includes motor impairment, seizures, headaches, nausea/vomiting, and cognitive dysfunctions, assessed by neurological examination.
l When multiple TM were tested, TM were considered elevated if ≥1 type was elevated. of symptoms, would not have necessarily spared them whole-brain radiation therapy. As such, because of the lack of evidence showing an impact on treatment decisions and patient outcomes, CNS screening is still not advisable, regardless of tumor subtype. Third, this study shows that our providers routinely order TM testing. We observed a 78.2% rate of baseline testing, and that, after baseline, TM tests were requested for 68.2% of patients without any baseline TM evaluation, and retested in 90.2% of those with normal baseline values. Moreover, 23.5% of patients underwent retesting ≥1 time per month. Consistent with our results, Accordino et al 12 recently reported that TM tests were requested more than once per month among 34.3% of patients with advanced solid tumors at their center. Additionally, an analysis of a Medicare-covered population of >2,400 elderly patients with mBC suggested that frequent monitoring (>12 TM tests/year and/or >4 radiographic imaging scans/year) occurred in more than a third of patients. 13 The most recent ASCO guidelines for TM use state that data are insufficient to recommend CEA, CA 27.29, or CA 15-3 for breast cancer staging, 10 nor is TM testing included in the NCCN-sug- gested workup for metastatic disease. 5 Nevertheless, in both, TM testing is given as an option for monitoring mBC. 5, 10 The kinetics of CEA and CA 15-3 have been retrospectively correlated with treatment response in patients with mBC undergoing chemotherapy, 29 but there is no standardized criteria for biochemical response or progression, because how to integrate TM with imaging was prospectively evaluated.
The overall assumption has been that clinicians use TM to help determine the appropriate timing of restaging scans and to aid in clinical decision-making, but interestingly, in our series the timing of imaging did not vary by TM use. We found that in very few patients (1.4%), the first reimaging was prompted by an elevation in TM; that the time-to-first reimaging was not impacted by baseline TM testing (adjusted hazard ratio for shorter time to reimaging: TM-elevated vs TM-not tested, 1.00; 95% CI, 0.71-1.40); and that frequencies of imaging and TM tests were not correlated or, at most, only weakly correlated (first reimaging and first TM test: r=0.08; P=.187; overall frequency of imaging and TM tests: r=0.33; P<.001). In line with these findings, Accordino et al 12 also found that 92.3% of providers declared that TM orders were placed by administrative staff copying orders from previous visits. This practice is not devoid of consequences. The previously referenced Medicare study suggested that testing overuse is associated with increased use of other healthcare services (more frequent office visits, use of more expensive imaging tests, and more aggressive end of life care), and therefore with cost increases and no impact on survival. 13 Moreover, other studies highlighted a possible relationship between frequent monitoring and higher levels of patient anxiety and distress. 30 Given the relatively low costs of TM testing, 31 substantial savings might be demonstrated by studies assessing whether the frequency of other requests, including more expensive imaging studies, may be reduced based on a stable or decreasing trend in TM values.
Although this study describes modern time trends in practice at a large comprehensive cancer center spanning >10 years, it has several limitations. As a single-institution experience, it may not reflect practice elsewhere. Also, although we excluded patients not directly treated by DFCI providers, part of the baseline examinations recorded may have been performed before the first DFCI appointment. Given the retrospective nature of the study, some important patient characteristics, such as performance status, could not be captured, even though exhaustive review of the charts allowed us to collect information on the presence of signs, symptoms, and laboratory alterations among this population. Moreover, data regarding frequency of office visits, specific treatment schedule/ regimen administered, type of insurance coverage, changes in workflow and staffing, or software updates, which may have impacted our results, were not available in our database. We must acknowledge, though, that all of these components are important drivers of care decisions, and that there might be other unmeasured confounders for which we could not account. Next, in order to reduce referral bias, and because we focused on initial patterns of care, we limited our cohort to patients with de novo mBC. It is possible that more extensive baseline imaging/testing was performed in these patients as a result, and that the patterns of imaging utilization may be somewhat different among patients who experienced disease recur-
